Background: Steroid receptor coactivator 1 (SRC-1) is a transcriptional coactivator. Results: SRC-1 promotes human hepatocellular carcinoma (HCC) cell proliferation by coactivating ␤-catenin to enhance c-Myc expression. Conclusion: SRC-1 plays an important role in HCC progression by enhancing Wnt/␤-catenin signaling. Significance: SRC-1 is a potential therapeutic molecular target for human HCC.
SRC-1 has been shown to play a role in the progression of prostate cancer and breast cancer. In androgen-dependent prostate tumors, increased SRC-1 expression correlates with lymph node metastasis (9) . Ablation of SRC-1 in androgen-dependent LNCaP prostate cancer cells represses the activation of androgen receptor target genes and decreases androgen receptor-dependent cellular proliferation (9) . SRC-1 protein is detected in 19 -34% of human breast tumors. SRC-1 expression is significantly associated with large, high grade tumors, HER2 positivity, and disease recurrence and resistance to endocrine therapy. SRC-1 expression also serves as an independent predictor of disease-free survival (14 -16) . SRC-1 has been shown to promote breast cancer cell proliferation by enhancing estrogen receptor-␣ function (17) .
Our previous study demonstrated that SRC-3/AIB1 promotes HCC progression by enhancing cell proliferation and invasion (18) . SRC-1 is another member of the SRC/p160 family whose role in liver cancer remains unknown. In this study, we report that SRC-1 was overexpressed in 25 of 40 human HCC specimens, suggesting a potential impact by SRC-1 on HCC progression. Knockdown of SRC-1 decreased HCC cell proliferation and oncogenic potential in vitro by reducing the expression of c-Myc and PCNA. Consistent with these in vitro results, c-Myc expression levels in SRC-1-positive HCC specimens were higher than levels in SRC-1-negative HCC specimens, and expression of SRC-1 was positively correlated with PCNA in human HCC specimens. Taken together, our results show that SRC-1 is an important regulator of HCC growth and progression that has potential as a therapeutic molecular target for HCC.
Experimental Procedures
Patients and Liver Tissue Samples-Forty pairs of HCC specimens and adjacent non-tumorous liver tissues were obtained from the First Affiliated Hospital of Xiamen University (Xiamen, China). Informed consent was obtained from each patient, and the study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Institute Research Ethics Committee at Xiamen University.
Cell Lines-Human HCC cell line HepG2, Huh-7, SK-Hep-1, MHCC97H, MHCC97L, and human hepatocyte cell line L-O2 were cultured in DMEM or 1640 with 10% fetal bovine serum (FBS) and penicillin/streptomycin.
Cell Transfection and Luciferase Assay-Cells were transfected with reporter plasmid together with PCR3.1-Rluc as an internal control in the presence of indicated plasmids. Cells were harvested at 48 h post-transfection. Luciferase activity was assayed and normalized to the value of Renilla luciferase activity.
RNA Interference and Establishment of Stable Cell Line-Specific and nonspecific siRNAs were purchased from Invitrogen. siRNA was transfected by Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. To generate stably transfected cells, cells were transfected with the specific shRNA plasmid. The puromycin was used to select stably transfected cells. SRC-1-specific targeting sequences are CCT-CAGGGCAGAGAACCATCT and CACGACGAAATAGCC-ATAC, SRC-3-specific targeting sequence is AGACTCCTTA-GGACCGCTT, c-Myc-specific targeting sequence is AGA-CCTTCATCAAAAACATTT.
Cell Proliferation-An MTT assay was used to detect cell proliferative rate. A total of 3000 cells were seeded into 96-well plates, and MTT was added to each well every day. Cells were incubated for 4 h until the solubilization buffer (10% SDS ϩ 0.01 M HCl) was added. The absorbance was measured at 560 nm by a microplate reader.
Direct Cell Counting-For cell counting, 3 ϫ 10 4 SRC-1knockdown cells and control cells were seeded into 12-well plates. Then cells were stained with trypan blue, and live cells were counted every day. The results shown are from triplicate experiments.
Cell Cycle Analysis-For this analysis, 4 ϫ 10 5 cells were seeded into 6-well plates, synchronized by serum starvation for 24 h, and re-entered into the cell cycle by an exchange of medium with 10% FBS DMEM for 24 h. Both adherent and non-adherent cells were harvested and fixed in 70% ethanol at 4°C overnight. Cells were incubated with RNase A at 37°C for 30 min and then stained with propidium iodide. Cell cycle status was measured by flow cytometry.
Measurement of DNA Synthesis-We measured DNA synthesis by using a Click-iT 5-ethynyl-2Ј-deoxyuridine (EdU) Alexa Fluor Imaging Kit (Invitrogen). Cells were seeded into 6-well cell culture plates with glass coverslips at a density of 2.0 ϫ 10 5 cells/well and incubated in normal DMEM for 48 h. Culture medium was then replaced with DMEM containing 10 M EdU (Invitrogen). After a 3-h incubation, the cells on the glass coverslips were fixed with formaldehyde. After permeabilization in PBS containing 0.5% Triton X-100, cells were stained with Alexa 594-azide (Invitrogen). Cells were mounted in mounting medium and imaged with a fluorescence microscope.
Detection of Cell Death Using Flow Cytometry-A total of 4 ϫ 10 5 cells were seeded into 6-well plates and cultured with either 10% FBS or 1% FBS for 72 h. Both adherent and non-adherent cells were harvested and stained with propidium iodide. Cells were detected and analyzed by flow cytometry.
Reverse Transcription and Real-time PCR-Total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. cDNA was obtained from 2 g of total RNA using a reverse transcription kit (Toyobo). Real-time PCR was performed using universal SYBR Green Master (Roche Applied Science). Relative quantification was achieved by normalization to GAPDH.
Co-immunoprecipitation Assay-For co-immunoprecipitation (co-IP) assays, cells were first lysed with lysis buffer. Cell lysates were immunoprecipitated using the appropriate antibodies or control immunoglobulin G (IgG). After extensive washing, precipitates were analyzed by Western blot analysis.
Western Blot Analysis-Equal amounts of protein lysates were separated by SDS-PAGE and transferred onto PVDF membranes. Filters were probed with the following primary antibodies: anti-SRC-1 (Cell Signaling), anti-SRC-3 (Cell Signaling), anti-PCNA (Cell Signaling), anti-␤-actin (Sigma), anti-␤-catenin (Santa Cruz Biotechnology), anti-HA (Roche Applied Science), anti-FLAG (Sigma), anti-PARP (Santa Cruz Biotechnology), or anti-c-Myc (Abcam). Blots were then incubated with horseradish peroxidase-conjugated secondary anti-body (Pierce) and visualized by chemiluminescence. The band density was quantified by densitometry using Scion imaging software and normalized to ␤-actin levels.
In Vitro Expression of SRC-1 Protein and GST Pull-down Assays-The coding sequence of SRC-1 was cloned into the pGS5 plasmid at a site downstream of the T7 promoter. Escherichia coli extract-based cell-free in vitro expression of SRC-1 protein was induced using the S30 T7 high yield protein expression system (Promega), following the manufacturer's protocol. For GST pull-down assays, 1 g of E. coli-produced GST or GST-␤-catenin protein was immobilized in glutathione-agarose (Roche Applied Science) for 1 h at room temperature. After several washes, the agarose was resuspended and then incubated with in vitro expressed SRC-1 protein at 4°C. After extensive washing, bound proteins were eluted, resolved using SDS-PAGE, and visualized by immunoblotting.
Focus Formation-For focus formation assays, 500 cells were cultured in 6-well plates in DMEM with 10% FBS. After 3 weeks, cells were stained with 0.005% crystal violet for 10 min to detect foci, and colonies were counted.
Mice Treated with Lithium Chloride (LiCl)-Male mice were injected with LiCl, through the tail vein, at a dose of 12.9 mg/kg body weight every 12 h for 2 days. Control mice were injected with the same volume of vehicle (0.9% saline solution). Fortyeight hours following LiCl injection, mice were sacrificed, and the livers were harvested for Western blot analysis. All experimental procedures involving animals were performed in accordance with animal protocols approved by the Laboratory Animal Center of Xiamen University.
Tumor Xenograft-Four to six-week-old male nude mice were obtained from the Laboratory Animal Center of Xiamen University. A total of 4 ϫ 10 6 SRC-1-knockdown cells or control cells were subcutaneously injected into the dorsal flanks of mice. From day 6 after injection, the tumor size was measured along two perpendicular axes every 3 days using a vernier caliper. The volume of the tumor was calculated using the formula, volume ϭ length ϫ width 2 ϫ 0.5. All experimental procedures involving animals were performed in accordance with animal protocols approved by the Laboratory Animal Center of Xiamen University.
Diethylnitrosamine (DEN)/CCl 4 -induced Liver Tumor Formation-SRC-1 ϩ/ϩ and SRC-1 Ϫ/Ϫ mice were maintained on a C57BL/6 background. Fifteen-day-old male SRC-1 ϩ/ϩ and SRC-1 Ϫ/Ϫ mice were intraperitoneally injected with DEN (25 mg/kg). This was followed by biweekly intraperitoneal injections of CCl 4 (0.5 ml/kg), starting at 4 weeks of age. After 12 CCl 4 injections, when the mice were 27 weeks old, they were sacrificed, and their livers were excised for photographing, quantitation, hematoxylin and eosin staining, and Western blot and immunohistochemical analysis. All experimental procedures involving animals were performed in accordance with animal protocols approved by the Laboratory Animal Center of Xiamen University.
Immunohistochemistry-Slides were soaked in preheated citrate buffer (pH 6.0) and heated in a microwave for 20 min to retrieve antigen. After cooling, slides were washed with PBS, incubated with Ki-67 antibody (1:500) for 1 h, and then incubated with a horseradish peroxidase-conjugated secondary antibody for 1 h. After washing, 3,3Ј-diaminobenzidine tetrahydrochloride was added to visualize labeled proteins.
Statistical Analysis-Data were collected from several independent experiments, with three replicates performed per experiment. All data are expressed as the mean Ϯ S.E. Statistically significant effects (p Ͻ 0.05) were evaluated by a two-tailed Student's test.
Results
SRC-1 Is Frequently Overexpressed in Human HCC Specimens and Is Correlated with PCNA Expression-We previously reported that SRC-3/AIB1 was overexpressed in nearly 70% of human HCC specimens and that it promoted HCC progression by enhancing cell proliferation and invasion (18) . As a member of the SRC/p160 family, the role of SRC-1 in HCC progression remains unknown. To evaluate the expression of SRC-1 in HCC, we performed Western blot analysis to detect protein levels of SRC-1 in a set of 40 human HCC specimens. As shown in Fig. 1A , SRC-1 was up-regulated in 25 (62.5%) of the 40 human HCC specimens compared with the surrounding nontumorous tissues. In addition, mRNA levels of SRC-1 were also up-regulated in HCC specimens compared with non-tumorous tissues ( Fig. 1B ). Overexpression of SRC-1 in human HCC indicates that SRC-1 may be involved in HCC progression.
To determine whether SRC-1 enhances HCC cell proliferation, levels of the cell proliferation marker PCNA were analyzed in HCC specimens. Tumors were divided into two groups according to SRC-1 protein expression: SRC-1-positive (ϩ) and SRC-1-negative (Ϫ). As shown in Fig. 1 , C and D, SRC-1-positive tumors showed significantly higher protein levels of PCNA than SRC-1-negative tumors. In addition, a positive correlation was identified between the protein levels of PCNA and SRC-1 in HCC specimens (Fig. 1E ). These results suggest that SRC-1 may enhance HCC cell proliferation.
Down-regulation of SRC-1 Decreases HCC Cell Proliferation-To determine whether SRC-1 expression is up-regulated in the HCC cell lines compared with the hepatocyte cell line, we used Western blot analysis to compare the protein expression of SRC-1 across five human HCC cell lines (HepG2, SK-Hep-1, Huh-7, MHCC97H, and MHCC97L) and the hepatocyte cell line L-O2. As shown in Fig. 2A , SRC-1 was significantly increased in the HCC cell lines compared with L-O2 cells. To determine the role of SRC-1 in cell proliferation, RNA interference was used to knock down SRC-1 expression. Transfection of two SRC-1-specific siRNAs (siSRC-1-1 and siSRC-1-2) decreased the protein level of SRC-1 in HepG2, Huh-7, and SK-Hep-1 cells (Fig. 2B ). Significantly, down-regulation of SRC-1 decreased proliferation in HepG2, Huh-7, and SK-Hep-1 cells, as measured by an MTT assay ( Fig. 2C ).
To establish stable SRC-1-knockdown cell lines for further study, HepG2 cells were transfected with pSuper-SRC-1-shRNA (shSRC-1) or control (shCtrl) constructs. Puromycin was used to select stably transfected cells. Two SRC-1-knockdown stable cell lines (shSRC-1-14 and shSRC-1-15) were established, and the down-regulation of SRC-1 was confirmed in these cell lines by Western blot analysis ( Fig. 2D, inset) . Stable knockdown of SRC-1 significantly decreased cell proliferation, as measured by MTT assay and direct cell counting (Fig. 2, D and E), and colony formation, as measured by a colony formation assay (Fig. 2F ). These results indicate that SRC-1 promotes HCC cell growth.
Down-regulation of SRC-1 Decreases the Expression of c-Myc-Because down-regulation of SRC-1 decreased HCC cell proliferation, the cell cycle was analyzed to determine whether down-regulation of SRC-1 inhibits cell cycle progression. Flow cytometric analysis showed that the percentage of SRC-1-knockdown cells in G 1 phase was increased compared with control cells. This increase was associated with a reduction in the number of cells at S and G 2 /M phase (Fig. 3A) . To detect proliferative cells, EdU staining was performed, and EdU-incorporated cells were calculated. Consistent with a reduced number of SRC-1-knockdown cells in S phase, as measured by flow cytometric analysis, down-regulation of SRC-1 decreased the proportion of EdU-incorporated cells (Fig. 3B ). In addition, the percentage of cells in sub-G 1 phase, which indicates apoptotic cells, was higher in SRC-1-knockdown cell lines (Fig. 3A) , indicating that down-regulation of SRC-1 significantly increases cell apoptosis under normal growth conditions. It has been reported that SRC-1 can regulate the expression of c-Myc in breast cancer cells (12, 19) . To determine whether FIGURE 1. SRC-1 is frequently overexpressed in many human HCC specimens and is correlated with PCNA expression. A, Western blot analysis of SRC-1 protein expression in a set of 40 human HCC specimens and surrounding non-tumorous tissue. N, non-tumorous tissue; T, tumor tissue. *, SRC-1-positive (ϩ) HCC specimens. ␤-Actin was used as a loading control. B, SRC-1 mRNA levels were up-regulated in HCC specimens. SRC-1 mRNA levels in the non-tumorous and tumorous tissues were measured by real-time PCR. Relative quantification was achieved by normalization to GAPDH. **, p Ͻ 0.01. C, Western blot analysis of SRC-1 and PCNA protein expression in SRC-1-positive (ϩ) and SRC-1-negative (Ϫ) human HCC specimens. ␤-Actin was used as a loading control. Number 34 specimens were used for quantitative normalization between images. D, quantitative analysis of PCNA protein expression in SRC-1-positive (ϩ) and SRC-1negative (Ϫ) human HCC specimens. **, p Ͻ 0.01. Band density in C was quantified by densitometry using Scion Imaging software and normalized to ␤-actin levels. The relative protein levels were determined by normalization to the number 34 specimen. E, correlation between SRC-1 protein levels and PCNA protein levels in human HCC specimens. Statistical t tests indicated a highly significant positive correlation (r ϭ 0.73, p Ͻ 0.01). Band density in C was quantified and normalized to ␤-actin levels. The relative protein levels were determined by normalization to the number 34 specimen. These experiments were performed at least twice with similar results. Error bars, S.E. c-Myc expression is affected by SRC-1 in HCC cells, the mRNA levels of c-Myc in stable SRC-1-knockdown and control cells was examined. As shown in Fig. 3C , SRC-1-knockdown cells exhibited a significant decrease in mRNA levels of c-Myc compared with control cells. Consistent with these results, protein levels of c-Myc were also significantly decreased in SRC-1-knockdown cells compared with control cells (Fig. 3D ). In addition, SRC-1-knockdown cells showed a significant reduction in the levels of PCNA protein (Fig. 3D ). Consistent with data obtained previously from stable SRC-1-knockdown cells, the transient knockdown of SRC-1 significantly decreased protein levels of c-Myc (Fig. 3E, left) . By contrast, overexpression of SRC-1 significantly increased protein levels of c-Myc (Fig. 3E, right) . To confirm the role of c-Myc in HepG2 cell proliferation, c-Myc-specific siRNA was used to knock down c-Myc expression in HepG2 cells, and cell proliferation was measured. As shown in Fig. 3 , F and G, down-regulation of c-Myc did indeed significantly decrease proliferation in HepG2 cells, as measured by an MTT assay and EdU staining. 
SRC-1 Promotes HCC Progression
To determine whether SRC-1 affects cell proliferation through regulation of c-Myc, SRC-1-knockdown cells were transfected with c-Myc expression constructs to restore c-Myc expression, and then cell proliferation was examined. The results showed that transfection of c-Myc expression constructs rescued cell proliferation in SRC-1-knockdown cells (Fig. 3H ), indicating that SRC-1 affects cell proliferation, at least in part, through the regulation of c-Myc.
In agreement with the results obtained from the in vitro experiments, c-Myc expression was significantly higher in SRC-1-positive human HCC tissue than in SRC-1-negative HCC tissue (Fig. 3I) , indicating that SRC-1 up-regulates c-Myc to promote human HCC growth.
SRC-1
Cooperates with ␤-Catenin to Enhance the Expression of c-Myc-It has been reported that SRC-2, which belongs to the SRC/p160 family, can interact with ␤-catenin to promote its transactivation activity (20, 21) . Because c-Myc can be directly regulated by the Wnt/␤-catenin signaling pathway, we hypothesized that SRC-1 might cooperate with ␤-catenin to enhance the transactivation of c-Myc. We therefore transfected SRC-1 and/or ␤-catenin expression constructs, together with a c-Myc promoter reporter, into cells in the absence or presence of LiCl, a reagent that can enhance the Wnt/␤-catenin signaling pathway. In the absence of LiCl, c-Myc promoter activity was increased 4-and 11-fold by SRC-1 and ␤-catenin transfections, respectively, whereas it was increased 57-fold when co-trans- JULY 24, 2015 • VOLUME 290 • NUMBER 30
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fected with both SRC-1 and ␤-catenin (Fig. 4A ). In the presence of LiCl, the effects of SRC-1 and/or ␤-catenin on the promoter activity of c-Myc were further enhanced (Fig. 4A) . These results suggest that SRC-1 cooperates with ␤-catenin to enhance the promoter activity of c-Myc.
To determine whether SRC-1 specifically enhances ␤catenin transactivation activity, we examined the effects of SRC-1 on the activity of the TOPFlash reporter, a well established Wnt/␤-catenin reporter. Overexpression of SRC-1 and ␤-catenin synergistically increased TOPFlash reporter activity 293T cells were transfected with c-Myc promoter reporter and SRC-1 and/or ␤-catenin expression plasmids. Cells were then treated with 50 mM LiCl or vehicle for 24 h. Luciferase activity was measured 48 h after transfection. **, p Ͻ 0.01. This experiment was performed three times with similar results. B, overexpression of SRC-1 and ␤-catenin significantly increased TOPFlash reporter activity. 293T cells were transfected with TOPFlash reporter and SRC-1 and/or ␤-catenin expression plasmids. Cells were then treated with 50 mM LiCl or vehicle for 24 h. Luciferase activity was measured 48 h after transfection. This experiment was performed three times with similar results. C, down-regulation of SRC-1 decreased c-Myc protein levels normally induced by ␤-catenin. This experiment was performed twice with similar results. D, the expression of c-Myc, normally induced by LiCl treatment, was significantly decreased in SRC-1 Ϫ/Ϫ mice. SRC-1 ϩ/ϩ and SRC-1 Ϫ/Ϫ mice were treated with LiCl for 48 h, and then c-Myc protein levels in the liver were detected. This experiment was performed three times with similar results. E, co-IP analysis of the interaction between transfected SRC-1 and ␤-catenin. 293T cells were transfected with FLAG-SRC-1 and HA-␤-catenin for 48 h. Cell lysates were immunoprecipitated using the appropriate antibodies (FLAG or HA) or control IgG. This experiment was performed twice with similar results. F, co-IP analysis of the interaction between endogenous SRC-1 and ␤-catenin in HepG2 cells. Cell lysates of HepG2 cells were immunoprecipitated using the appropriate antibodies (␤-catenin or SRC-1) or control IgG. This experiment was performed twice with similar results. G, GST pull-down analysis of the in vitro interaction between SRC-1 and ␤-catenin. E. coli-produced GST or GST-␤-catenin protein was incubated with SRC-1 protein that was produced by an E. coli extract-based cell-free protein synthesis system for GST pull-down assays. This experiment was performed twice with similar results. H, SRC-1 interacted with the Arm3-10 domains of ␤-catenin. Shown is GST pull-down analysis of the interaction between SRC-1 and the different domains of ␤-catenin. Arrows, GST fusion proteins. This experiment was performed twice with similar results. I, ␤-catenin interacted with the bHLH-S/T and HAT domains of SRC-1. Shown is co-IP analysis of the interaction between ␤-catenin and the different domains of SRC-1. Arrows, immunoprecipitated FLAG-tagged proteins. This experiment was performed twice with similar results. Error bars, S.E.
SRC-1 Promotes HCC Progression
in the absence or presence of LiCl (Fig. 4B) , indicating that SRC-1 is involved in the Wnt/␤-catenin signaling pathway.
To test whether SRC-1 regulates the expression of c-Myc, at least in part, through ␤-catenin, HepG2 cells were transfected with ␤-catenin expression constructs together with siCtrl or siSRC-1. As shown in Fig. 4C , overexpression of ␤-catenin significantly enhanced c-Myc protein levels. However, this enhancement was dramatically suppressed when SRC-1 expression was knocked down (Fig. 4C) .
To detect whether SRC-1 is involved in Wnt/␤-catenin signaling in normal hepatocytes in vivo, SRC-1 ϩ/ϩ and SRC-1 Ϫ/Ϫ mice were treated with LiCl, which has been shown to activate the Wnt/␤-catenin signaling pathway in the liver (22) . As shown in Fig. 4D , LiCl treatment induced levels of c-Myc in the livers of SRC-1 ϩ/ϩ mice significantly higher than those in SRC-1 Ϫ/Ϫ mice, indicating that SRC-1 is required for optimal activation of the Wnt/␤-catenin signaling pathway for inducing c-Myc expression not only in HCC cells but also in normal hepatocytes.
To detect whether SRC-1 and ␤-catenin interact with each other, FLAG-tagged SRC-1 and HA-tagged ␤-catenin were cotransfected into 293T cells, and co-IP was performed. Anti-HA antibodies, but not control IgG, immunoprecipitated SRC-1 from cell lysates (Fig. 4E, top) . Reciprocally, anti-FLAG antibodies, but not control IgG, immunoprecipitated ␤-catenin from the cell lysates (Fig. 4E, bottom) . In addition, the interaction between endogenous SRC-1 and ␤-catenin in HepG2 cells was detected by co-IP assays using anti-SRC-1 and anti-␤catenin antibodies (Fig. 4F) . To determine whether SRC-1 can directly bind to ␤-catenin, E. coli-produced GST-␤-catenin protein was incubated with SRC-1 protein produced by an E. coli extract-based cell-free protein synthesis system developed for GST pull-down assays. The results showed that the GST-␤-catenin protein, but not GST, was able to pull down SRC-1 (Fig. 4G) , indicating that SRC-1 directly binds to ␤-catenin. This is in agreement with a previous report (23) . Furthermore, GST pull-down assays showed that SRC-1 protein interacted with the Arm3-10 domains of ␤-catenin (Fig.  4H) , and co-IP assays showed that ␤-catenin protein interacted with the bHLH-S/T and HAT domains of SRC-1 (Fig. 4I) .
Down-regulation of SRC-1 Impairs Xenograft Tumor Maintenance-To investigate the role of SRC-1 in HCC progression in vivo, control cells and cells from two stable SRC-1knockdown cell lines were injected into nude mice, and the growth of xenograft tumor was measured every 3 days. SRC-1knockdown tumors grew much slower than control tumors (Fig. 5A) . Strikingly, SRC-1-knockdown tumors began to shrink on day 12 and were completely regressed on day 21 (Fig. 5A) , indicating that SRC-1 plays an important role in xenograft tumor maintenance.
To identify the reason why SRC-1-knockdown tumors regressed, control cells and stable SRC-1-knockdown cells were injected into nude mice, and the mice were sacrificed on day 15. As shown in Fig. 5B , tumor size in the SRC-1-knockdown group was smaller than in the SRC-1 control group. Consistent with previous data showing SRC-1-knockdown tumors grew much slower than control tumors, many Ki-67-positive cells were detected in the control tumors, whereas few Ki-67-positive cells were detected in the SRC-1-knockdown tumors (Fig. 5C ). H&E staining showed that control tumor cells exhibited normal cellular morphologies, but the SRC-1-knockdown tumor cells exhibited characteristics of necrosis. The nuclei of SRC-1knockdown tumor cells were ruptured, and inflammatory cell infiltration was observed in SRC-1-knockdown tumors (Fig.  5C ). Consistent with these results, expression of the intranuclear proteins poly(ADP-ribose) polymerase and PCNA was lost in SRC-1-knockdown tumors, as measured by Western blot analysis (Fig. 5D) .
SRC-1-knockdown tumors exhibited extensive cell death, suggesting that a lack of nutrients and growth factors in vivo may enhance death of SRC-1-knockdown cells. Therefore, we speculated that SRC-1 may prevent cell death induced by nutrient and growth factor deficiency. To mimic nutrient and growth factor deficiency conditions in vitro, we induced serum starvation by culturing SRC-1-knockdown and control cells for 72 h in medium supplemented with 1% FBS. As shown in the left panel of Fig. 5E , serum-starved SRC-1-knockdown cells expressed significantly higher levels of cleaved poly(ADP-ribose) polymerase than serum-starved control cells, indicating that SRC-1-knockdown cells experience significantly higher levels of cell death than serum-starved control cells. Similar results were obtained by measuring cell death with flow cytometry (Fig. 5E, right) . Collectively, these results indicate that SRC-1 plays an important role in tumor maintenance, at least in part, by preventing cell death induced by nutrient/growth factor deficiency.
SRC-1 Ϫ/Ϫ Mice Are Resistant to DEN/CCl 4 -induced Liver Tumor Formation-To determine whether loss of SRC-1 reduces the development and growth of HCC in mice, we used an in vivo DEN/CCl 4 -induced liver tumor formation model for study (24) . After 25 weeks of DEN/CCl 4 treatment, SRC-1 ϩ/ϩ mice developed extensive liver tumors, whereas SRC-1 Ϫ/Ϫ mice developed fewer and smaller liver tumors (Fig. 6, A-C) . Protein levels of c-Myc and PCNA were significantly higher in liver tumors from SRC-1 ϩ/ϩ mice than in tumors from SRC-1 Ϫ/Ϫ mice (Fig. 6D) , whereas the expression of ␤-catenin was comparable in liver tumors from both types of mice (Fig. 6D) . Consistently, SRC-1 ϩ/ϩ tumors exhibited a significantly higher proliferation rate compared with SRC-1 Ϫ/Ϫ tumors, as determined by Ki-67 staining (Fig. 6, E and F) . These in vivo results provide strong genetic evidential support for an important role for SRC-1 in liver tumor formation.
SRC-1 Cooperates with SRC-3 to Promote HCC Cell Proliferation-We previously reported that SRC-3 was frequently overexpressed in human HCC specimens and that it promoted HCC progression by enhancing cell proliferation and invasiveness (18, 25) , indicating that SRC-3 is an oncogene in liver cancer. Because both SRC-1 and SRC-3 are overexpressed in human HCC and promote HCC progression, there was an interest in examining the expression profiles of SRC-1 and SRC-3 in same sets of HCC specimens. As summarized in Table  1 , simultaneous overexpression of both SRC-1 and SRC-3 (SRC-1(ϩ)/SRC-3(ϩ) group) was observed in 19 (47.5%) of the 40 HCC specimens. Overexpression of SRC-1 or SRC-3 alone, in the SRC-1(ϩ)/SRC-3(Ϫ) group or SRC-1(Ϫ)/SRC-3(ϩ) group, was observed in 6 (15%) or 4 (10%) of the 40 HCC spec-
imens, respectively. A total of 11 (27.5%) of the 40 HCC specimens did not exhibit overexpression of either SRC-1 or SRC-3 in the SRC-1(Ϫ)/SRC-3(Ϫ) group. To determine whether there was a correlation between cell growth and the expression profiles of SRC-1 and SRC-3, we examined the expression of PCNA in the four different groups of HCC specimens. As shown in Fig.  7A , compared with the SRC-1(Ϫ)/SRC-3(Ϫ) group, PCNA expression was significantly increased in the SRC-1(ϩ)/SRC-3(Ϫ), SRC-1(Ϫ)/SRC-3(ϩ), and SRC-1(ϩ)/SRC-3(ϩ) HCC specimens, with SRC-1(ϩ)/SRC-3(ϩ) HCC specimens exhibiting the highest PCNA expression. These results indicate that SRC-1 and SRC-3 cooperate to promote HCC cell proliferation. This notion was corroborated by the finding that simultaneous knockdown of SRC-1 and SRC-3 significantly decreased proliferation in HepG2 cells compared with control cells and SRC-1 or SRC-3 single knockdown cells (Fig. 7B ). Knockdown of SRC-1 and SRC-3 in HepG2 cells was confirmed by Western blot analysis (Fig. 7C) . The c-Myc protein was decreased by knockdown of SRC-1 or SRC-3 and further decreased by simultaneous knockdown of SRC-1 and SRC-3 (Fig. 7C) , indicating that both SRC-1 and SRC-3 regulate c-Myc expression.
Recently, Wang et al. (26) reported that the cardiac glycoside bufalin is a potent small molecule inhibitor of SRC-1 and SRC-3. Bufalin strongly reduced protein levels of SRC-1 and SRC-3 and blocked breast and lung cancer cell growth (26) . To determine whether bufalin reduces protein levels of SRC-1 and SRC-3 in HCC cells and inhibits the proliferation of HCC cells, we treated the HCC cell lines HepG2 and SK-Hep-1 with 10 and 20 nM bufalin for the indicated time, respectively. As shown in Fig. 7D , bufalin treatment for 24 h dramatically reduced protein levels of SRC-1, SRC-3, and c-Myc in both HepG2 and SK-Hep-1 cells. Bufalin treatment also significantly inhibited proliferation in HepG2 and SK-Hep-1 cells (Fig. 7E) . These results indicate that bufalin is able to inhibit HCC cell proliferation, at least in part, by reducing the protein levels of SRC-1 and SRC-3. Stable SRC-1-knockdown HepG2 cells and control cells were subcutaneously injected into the backs of nude mice. Beginning 6 days after cell injection, tumor volume was measured every 3 days. n ϭ 5; *, p Ͻ 0.05; **, p Ͻ 0.01. This experiment was performed twice with similar results. B, on day 15 after injection, SRC-1knockdown tumors showed a significant decrease in tumor volume compared with control tumors. An image of a tumor is shown. This experiment was performed twice with similar results. C, Ki-67 and H&E staining of tissue sections from SRC-1-knockdown and control tumors. A representative image is shown. D, the expression of the intranuclear proteins poly(ADP-ribose) polymerase and PCNA is lost in SRC-1-knockdown tumors. This experiment was performed three times with similar results. E, down-regulation of SRC-1 significantly increased serum starvation-induced cell death. A total of 4 ϫ 10 5 cells were seeded into 6-well plates and cultured with either 10% FBS or 1% FBS for 72 h. Both adherent and non-adherent cells were harvested for cell death detection. This experiment was performed three times with similar results. Error bars, S.E.
The Expression of SRC-1 Positively Correlates with PCNA and c-Myc in Human HCC Specimens from a Gene Expression Omnibus (GEO) Profile Data Set-To determine whether the positive correlation between the expression of SRC-1 and PCNA/c-Myc can be verified in a larger cohort of human HCC specimens, we analyzed the expression of SRC-1, PCNA, and c-Myc in 135 human HCC specimens from a publicly available GEO profile data set (GSE20017) (27) . As shown in Fig. 8 , the expression of SRC-1 was positively correlated with PCNA (r ϭ 0.51, p Ͻ 0.001) and c-Myc (r ϭ 0.24, p ϭ 0.005). These results 
Discussion
It has been reported that SRC-1 is frequently overexpressed and plays a crucial promoting role in several human cancers, including breast cancer and prostate cancer. However, the role of SRC-1 in liver cancer progression remains unknown. In this study, we found that SRC-1 was overexpressed in 62.5% of human HCC specimens and that it was positively correlated with the expression of the cell proliferation marker PCNA, suggesting that SRC-1 plays an important role in HCC growth. Furthermore, down-regulation of SRC-1 decreased proliferation and oncogenic potential in HCC cells. Knock-out of SRC-1 in mice reduced DEN/CCl 4 -induced liver tumor formation and the expression of c-Myc and PCNA in liver tumors. These results demonstrate that SRC-1 indeed plays an important role in HCC development. The oncogenic protein c-Myc is fre- quently overexpressed in human liver cancers, where it plays a critical role in regulating cellular growth and survival. Overexpression of c-Myc in hepatic cells has been found to lead to HCC formation in mice (28) . In this study, protein and mRNA levels of c-Myc were decreased in SRC-1-knockdown cells but increased in SRC-1-overexpressing cells, indicating that SRC-1 positively regulates c-Myc expression. Transfection of c-Myc expression constructs into SRC-1-knockdown cells restored cell proliferation, suggesting that SRC-1 promotes HCC cell proliferation via positive regulation of c-Myc expression. It has been reported that c-Myc is required for tumor maintenance in vivo (29, 30) . Therefore, the phenomena that down-regulation of SRC-1 dramatically impaired HCC xenograft tumor maintenance, and knock-out of SRC-1 in mice significantly reduced DEN/CCl 4 -induced liver tumor formation, may be due to down-regulation of c-Myc expression.
Given that SRC-1 and ␤-catenin had a synergistic effect on the induction of c-Myc promoter activity and that c-Myc was identified as a direct target of the Wnt/␤-catenin signaling pathway, we hypothesized that SRC-1 may act as a coactivator, cooperating with ␤-catenin to enhance c-Myc expression. Cooverexpression of SRC-1 and ␤-catenin significantly increased Wnt/␤-catenin reporter activity, indicating that SRC-1 is involved in the Wnt/␤-catenin signaling pathway. Co-IP and GST pull-down analysis demonstrated that SRC-1 directly interacted with ␤-catenin. These results indicate that SRC-1 serves as a coactivator, cooperating with ␤-catenin to enhance c-Myc expression.
The SRC/p160 coactivator family consists of only three members: SRC-1, SRC-2, and SRC-3 (7) . SRC-1, -2, and -3 proteins share 50 -55% similarity. Due to the high structural and functional similarities shared by the SRC/p160 coactivators, all SRC/p160 family members coactivate many nuclear receptors, including androgen receptor and estrogen receptor, as well as other transcription factors, in cell-based reporter assays (31) . However, SRC-1, -2, and -3 also play distinct roles in the context of different biological processes. For example, SRC/p160 family individual knock-out mice display differentially altered expression profiles for a large number of genes, indicating that SRC-1, -2, and -3 also have many non-overlapping functions in the liver (32) . We reported in this and a previous study that SRC-1 and SRC-3 were overexpressed in human HCC specimens and that they promoted HCC progression by enhancing cell proliferation (18, 25) , indicating that SRC-1 and SRC-3 are oncogenes in liver cancer. Surprisingly, it has been reported that a loss-of-function mutation in SRC-2 in a mouse model predisposed the mice to DEN-induced liver tumorigenesis (33) , indicating that SRC-2 is a tumor suppressor in liver cancer.
Given that both SRC-1 and SRC-3 play important roles in HCC progression and that they are both overexpressed in 47.5% of HCC specimens, the simultaneous down-regulation of SRC-1 and SRC-3 may be an effective strategy for treating liver cancer. Indeed, double knockdown of SRC-1 and SRC-3 significantly decreased proliferation of HCC cells compared with control cells and single knockdown cells. It was reported that miR-206 targets the mRNAs encoding SRC-1 and SRC-3 but not SRC-2, resulting in a decrease in the expression of SRC-1 and SRC-3 (34) . These results suggest that administration of miR-206 may also be a therapeutic approach for treating liver cancer. In addition, it was reported that a natural polyphenol, gossypol, and a cardiac glycoside, bufalin, significantly reduced the protein levels of SRC-1 and SRC-3, but not SRC-2 (26, 35) . These results suggest that gossypol and bufalin are also potential new drugs for the treatment of HCC that can simultaneously target the oncogenes SRC-1 and SRC-3 without affecting the tumor suppressor SRC-2. In conclusion, the current and our previous studies demonstrate that SRC-1 and SRC-3 are overexpressed in HCC and that they promote HCC progression by enhancing cell proliferation, suggesting that down-regulation of SRC-1 as well as SRC-3 may be an effective therapeutic strategy for treating HCC.
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